Abstract-The large number of proposals for wind farm developments across northern Europe and the North Sea have lead to the suggestion that a European Supergrid using High Voltage DC (HVDC) would be beneficial. Grid formats of HVDC will use Voltage Source Converters (VSCs) with a fixed voltage polarity and power flow controlled through current magnitude and direction. The multi-level form of VSC looks set to displace 2-level for reasons of lower switching power loss and lower harmonics. Given the significant size of the power transfers involved compared to total capacity in GB and other smaller systems, there is a potential loss-of-infeed problem if a converter station or line fails. This paper examines the extent to which Multi-level Modular Converters (MMC) can continue to transfer some power following the loss of a subsystem such that a lossof-infeed is limited to some fraction of the total capacity. The subsystem faults tested were a single DC line to ground fault and a transformer phase fault. In both cases the converter is able to transfer 50% of rated power continuously with the fault applied. This result means that the HVDC converter stations and routes could possibly be built at higher ratings than the system loss-of-infeed limit.
I. INTRODUCTION
High Voltage DC (HVDC) links have, in recent years become a popular method of reinforcing AC grids [1] and connecting between the grids of different countries [2] . HVDC links do not suffer reactive losses so they are particularly suited to transferring large amounts of power over extreme distances or undersea/underground cables which require reactive power compensation. Additionally HVDC links allow two grids of differing frequencies to connect. Finally the HVDC link is able to provide support for AC system stability [3] by damping subsynchronous oscillations or providing reactive power in case of a fault.
Most of the largest systems have been developed with current source converters (CSCs) as these are available in high voltage and high power arrangements. The CSC technology has been used extensively but it has its downsides: the converters must be connected to strong AC grids, a large amount of inductive reactive power is required during operation and power reversal requires reversal of terminal voltages, this can be an issue in hybrid and multi-terminal grids. These issues make CSC HVDC links less suitable for future connections between large offshore wind farms, due to the lack of a strong AC grid and for DC grids, due to the likely requirement for frequent power (and hence voltage) reversals making a parallel connection challenging.
In northern Europe, and especially around the wind-rich North Sea, many large offshore wind farms are proposed for the near future. Each of these is likely to be connected using Voltage Source Converters (VSCs) due to the long undersea cables (suggesting AC is unsuitable) and lack of strong AC source at the offshore end (suggesting CSCs are unsuitable).
With a large number of VSC converter stations far offshore from each country, it has been suggested that connecting the countries to each other using an HVDC grid would be beneficial for all [4] . The wind farms proposed are rated in the gigawatts and, with the addition of country to country transfers, the grid is likely to be transferring power in the tens of gigawatts.
An issue that has come to the fore when discussing HVDC links, especially when the proposed power transfers are in the GW range is loss of infeed. The loss of infeed level is defined by the transmission system operator (TSO) as the maximum power that the grid can lose suddenly and due to single contingency and still maintain system frequency within acceptable limits. The loss of infeed limit is one factor in determining short term operating reserve (STOR). In the GB grid this is set at 1.3 GW and is proposed to be raised to 1.8 GW [5] . It is clear that this level is well below the proposed power transfers between large wind farms in the North Sea and the GB network, let alone country to country transfers. This has an impact on how large a single link can be. At present, VSC in operation stand at 0.4 GW [6] with 1.44 GW now under construction [7] and 2 GW in prospect by 2020. Future technologies might allow single HVDC links to be larger still, at which point the loss of infeed issue becomes blocking.
In order to determine whether a loss-of-infeed limit will constrain how large a VSC scheme could be built, one must determine the extent to which a VSC link suffering a subsystem failure can continue to transfer some power. Obviously a line to line DC fault, or a catastrophic converter failure will always result in the full converter power being lost. In other circumstances, such as a DC line to ground fault, some power transfer capability could be retained. This research is aimed at determining the amount of power transfer capability that remains under partial system fault cases. Section II outlines the converter layout and models used in this research including the converters, AC and DC systems and the faults tested. The 
II. MODELLING
For this research, a typical HVDC VSC was considered. The VSC was simulated alone rather than with a second converter or a grid as this allows the issues associated with the faults to be isolated and analyzed. Many faults that could be tested, such as line to line faults, will likely result in full power loss. Two of the most likely faults that could permit partial power transfer capability were simulated: a DC line to ground fault and a single phase transformer fault.
A. Converter Model
The Multi-level Modular Converter (MMC) [8] shown in were used in each arm. The converter was rated at 20 kV DC and 1 kA DC and the converter side AC voltage was set to have a peak of 10 kV (so no over-modulation was required). The converter was simulated at a significantly lower power rating than will be utilized in a supergrid to keep the number of modules small and allow a reasonable simulation time.
At the DC rails of the converter a small impedance was inserted to give a basic representation of a DC source that is not completely 'stiff'.
The converter current is controlled using proportional plus resonant controllers on each phase. The converter current references are pre-calculated rather than calculated using feedback for this set of simulations.
During conduction the cell capacitors charge/discharge depending on the current direction and switching pattern, a DC current is circulated in each arm to ensure the cells remain at the correct voltage. This DC current can provide most of the cell balancing but cannot account for energy differences between the top and bottom arms in any given phase or between the cells in any given arm. Following the work of [9] , an AC current is circulated such that the arms can transfer energy between them to balance their cells. To ensure the cells remain evenly charged within an arm a cell rotation calculation is used so that they receive approximately equal duty.
B. System
The system simulated (shown in Fig. 2 ) consists of the converter, an AC grid, a transformer and a pair of DC sources. The grid is simply three single-phase AC voltage sources at 11kV connected to a star point which is grounded. This represents a strong AC grid like that found at the onshore converter in an HVDC link. The transformer is simulated as three single-phase transformers in a delta-star configuration. The midpoint of the star is made available to the converter for certain fault cases. The DC side of the converter is supplied by two strong DC sources representing a DC grid or a well controlled HVDC link.
C. Faults
As this research was to determine the power transfer capability of the MMC following partial faults, no actual fault resistances or device failures were simulated. The faults do not automatically clear as it is important to test that the converters are able to transfer the power for a significant period of time. Faults such as those tested are liable to require a long period of time to repair due to the difficulties in accessing offshore converters, this will be in the order of months or weeks rather than days or hours.
The DC line to ground fault was simulated by setting one of the DC voltage sources to zero whilst the other remains at 10 kV. This can either represent a fault on a grid where the other converters control the voltage down to 10 kV rather than allowing the remaining line to double its voltage. Alternatively this could be seen as the remaining 10 kV source acting as a surge arrester and thus not allowing the voltage to rise above 10 kV. The limit to power output is expected to be 10 MW for a 20 MW converter as this will keep the DC current at its rated value. The return of the current could be through ground for a short period of time, or a low voltage metallic return. As the converter has its DC rails connected to 0 V and 10 kV there will be a 5 kV DC strain on the transformer windings. The transformer would need insulation sufficient to block this.
The transformer fault was simulated by switching out one of the three transformers using the switches shown in Fig. 3 . The converter arms on the faulted phase are then connected to the neutral. For these simulations the transformer is only removed on the secondary side, in practice it could and would be removed from the primary circuit without affecting the results. The removal of one of the transformers means that the secondary voltages and currents are significantly different from those proceeding the fault. The voltages remain the same magnitude but the voltage on the faulted phase (phase C in these simulations) is now zero on the secondary (converter) side. The currents, driven from the converter need to be adjusted so that they remain at their prefault levels on the primary (grid) side.
Equations (1) to (3) show the new relationship between primary and secondary currents of the faulted transformer. They show that the three primary currents are produced using two secondary side currents. These currents must each be √ 3 larger in magnitude than the unfaulted case as this magnitude increase is a property of the delta star relationship which no longer holds. Additionally they must be phase shifted such that their difference makes the third desired primary current. Fig. 4 shows the phasors of the primary and secondary currents, before and after the transformer is switched out. As the currents no longer sum to zero at the DC rails of the converter, a large 50 Hz current ripple will be seen at the terminals. The third phase is used to circulate a compensating current. This compensating current is larger than the other two phase currents and limits the maximum power transfer. As with the DC line to ground fault this is expected to be 10 MW in the 20 MW system. 
III. TEST SPECIFICATION
For each test the converter was commanded to produce 10 MW throughout. This means that, if predictions were correct, the AC side currents and voltages remain undisturbed through the fault. After an initial PLL settling period of approximately 0.1 s the fault is applied at 0.3 s and the test was run for 0.8 s to show that the end result is stable. The full set of AC and DC voltages and currents were monitored along with the average cell voltage for each arm (cell rotation ensures all cells are within a small amount of this average), and the full set of six arm currents. The two output plots are separated into System and Converter plots. The system plots (figures 5, 6 and 8) show the voltages and currents of both the AC and DC sources. The converter plots (figures 7 and 9) show the voltages produced by the converter, the arm currents and cell voltage averages for the six arms in the converter.
IV. RESULTS

A. Line to Ground DC Fault
When using half-bridge cells the system is unable to function during DC faults. If the DC voltage is below the peak AC voltage then the IGBT diodes start conducting and the current becomes uncontrolled, a phase reactor of 0.1pu prevents this from rising above 10pu current. This could potentially damage the converter. Fig. 5 shows this is the case when applying a line to ground fault with the half-bridge version of the MMC. No power is able to be transferred in this case and the converter would have to be tripped at the AC breakers (or a DC circuit breaker if fitted).
The full bridge converter is able to reverse the cell voltages to oppose the AC peak voltage when needed (at the expense of higher losses and more devices). This means that the converter is able to ride through a DC line to ground fault without significant disturbance on the AC side. From the system plots ( Fig. 6 ) it can be seen that the DC current rises to rated as the DC voltage falls. Due to the earthing arrangements the converter is able to float to keep the voltage balanced across the arms. On the converter side ( Figure. 7) it is clear that nothing is disturbed during the fault and the new operating point is stable and the converter could run with one DC line and 10 MW power transfer indefinitely.
B. Transformer Fault
With the transformer fault, the performance of the two cell types was near identical so only the full bridge results are presented here for brevity. From the system plots (Fig. 8) , it is clear that the AC grid voltage, and current, are unaffected by the removal of the transformer, this shows that the response to the fault is appropriate. However, some additional ripple has been applied to the DC voltage as the power draw from the DC side is no longer constant. Within the converter (Fig. 9) , the two unfaulted phases see higher currents and larger cell voltage variation. This is due to the requirement to transfer all of the remaining power through these phases. The third phase sees a yet higher current demand to balance out the DC ripple current. However, the new duty is causing the cells to drift from their nominal voltage. The DC ripple is kept to a minimum with this control but starts to increase as the cells drift from nominal. This simulation was a proof of concept style simulation therefore a full cell balancing arrangement was not in place to counter the variations seen in the third phase. An alternative cell balancing technique will be required on the third arm when under this fault condition. The power of 10 MW was transferred to the AC side throughout the fault without AC side disturbance, as planned.
V. CONCLUSIONS
Presented in this paper are some initial results on the practicality of connecting very large HVDC links to existing AC grids. A multi-level modular converter was tested for its ability to transfer power under two subsystem faults. In both cases, a single line to ground DC fault and a single phase transformer fault, the converter is able to transfer 50% of the power indefinitely after the faults occur. This means that the loss of supply risk for this converter is lower than would otherwise be calculated if under the assumption that all power is lost in all cases. This in turn may allow for larger power ratings to be used when building HVDC links and HVDC grids.
